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ABSTRACT
Magnetic flux ropes (MFRs) are thought to be the central structure of solar eruptions, and their ideal MHD
instabilities can trigger the eruption. Here we performed a study of all the MFR configurations that lead to
major solar flares, either eruptive or confined, from 2011 to 2017 near the solar disk center. The coronal
magnetic field is reconstructed from observed magnetograms, and based on magnetic twist distribution, we
identified the MFR, which is defined as a coherent group of magnetic field lines winding an axis with more
than one turn. It is found that 90% of the events possess pre-flare MFRs, and their three-dimensional structures
are much more complex in details than theoretical MFR models. We further constructed a diagram based on
two parameters, the magnetic twist number which controls the kink instability (KI), and the decay index which
controls the torus instability (TI). It clearly shows lower limits for TI and KI thresholds, which are ncrit = 1.3
and |Tw|crit = 2, respectively, as all the events above ncrit and nearly 90% of the events above |Tw|crit erupted.
Furthermore, by such criterion, over 70% of the events can be discriminated between eruptive and confined
flares, and KI seems to play a nearly equally important role as TI in discriminating between the two types of
flare. There are more than half of events with both parameters below the lower limits, and 29% are eruptive.
These events might be triggered by magnetic reconnection rather than MHD instabilities.
Keywords: Magnetic fields; Magnetohydrodynamics (MHD); Methods: numerical; Sun: corona; Sun: flares
1. INTRODUCTION
As a leading cause of space weather, solar eruptions, in-
cluding flares and coronal mass ejections (CMEs) are still
difficult to predict. Now it is commonly believed that solar
eruptions have their root in the evolution of magnetic field in
the solar atmosphere. In particular, the magnetic field dom-
inates the dynamics in the solar corona, which is a highly
electric-conducting plasma environment. However, two key
questions arise in understanding the physics of solar erup-
tions: what is magnetic structure of the corona before erup-
tion and what is the triggering mechanism of the eruption?
Observations show that major flares are often associated with
CMEs, but many flares do not, which are named as confined
flares. Thus another important question is what is the factor
that determines such difference?
Through several decades of studies, a variety of models
have been proposed to answer these questions (e.g., see re-
view papers of Forbes et al. 2006; Shibata & Magara 2011;
Aulanier 2014; Schmieder & Aulanier 2012; Schmieder et al.
2013; Janvier et al. 2015). In a rough classification, these
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models fall into two categories, one is based on magnetic
reconnection (Mikic & Linker 1994; Antiochos et al. 1999;
Moore et al. 2001) and the other is ideal MHD instabili-
ties (Bateman 1978; Hood & Priest 1981; Török et al. 2004;
Török & Kliem 2005; Kliem & Török 2006; Fan & Gib-
son 2007; Aulanier et al. 2010). In the former group, there
are two models most frequently invoked, namely the run-
away tether-cutting reconnection (Moore et al. 2001) and the
breakout reconnection (Antiochos et al. 1999). Both these
models assume the pre-flare magnetic field as a strongly
sheared configuration with a topology prone to reconnection,
and an eruption will occur if a positive feedback between the
reconnection and the outward expansion of the sheared mag-
netic flux can be established. In the tether-cutting model,
internal reconnection between the sheared magnetic arcades
triggers the eruption, while in the breakout model, reconnec-
tion takes place externally, above or aside of the sheared ar-
cades in a magnetic null point topology. However, in what
conditions the feedback can be triggered is still elusive.
In the ideal MHD models, two kinds of ideal instabilities
are most extensively investigated in the context of solar erup-
tions, which are the helical kink instability (KI, Hood &
Priest 1981; Török et al. 2004; Török & Kliem 2005; Török
et al. 2010) and the torus instability (TI, Kliem & Török
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2006). Both of the two instabilities are developed based on
a fundamental magnetic configuration in the plasma known
as magnetic flux rope (MFR) (Kuperus & Raadu 1974; Chen
1989; Titov & Démoulin 1999; Amari et al. 2014), which is a
coherent group of twisted magnetic flux that winding around
a common axis. Naturally in models of the ideal MHD in-
stabilities, MFR must exist in the corona prior to an eruption,
and evolution in the photosphere can then, often slowly, build
up the MFR to an unstable regime and produce the eruption.
From a theoretical point of view, the existence of pre-eruptive
MFRs should be common in the corona. This is because
the coronal magentic field is approximately force-free such
that the electric currents direct dominantly along magnetic
field lines, thus such field-aligned currents introduce poloidal
magnetic flux around the currents, which has a potential to
make the field lines twist and form MFRs. Indeed, the rele-
vance of MFRs with solar flares and eruptions has also been
extensively evidenced from both observations and coronal
magnetic field reconstructions. For instance, X-ray and EUV
sigmoid, filament, EUV hot channel, and coronal cavity are
invoked as indirect observations of coronal MFRs (e.g., see a
recent review paper by Cheng et al. 2017). Using nonlinear
force-free field (NLFFF) extrapolations from vector magne-
tograms, which is a basic tool for unraveling the 3D infor-
mation of solar coronal magnetic field, MFRs were identi-
fied frequently (e.g., see another recent review by Guo et al.
2017).
The trigger of MFR eruption can be through either KI or
TI, basing mainly on two critical parameters. KI is controlled
by the twist degree of MFR, occurring if the twist of the
MFR exceeds a critical value. Through a eruptive expansion,
KI will transform the excessive magnetic twist to a writhe
through a helical deformation of the MFR axis. Theoretical
and numerical investigations have shown that the KI thresh-
old, as measured by the winding number of magnetic field
lines around the MFR’s axis, seems to have a wide range
from ∼ 1.25 turns to ∼ 2.5 turns (Baty 2001; Fan & Gib-
son 2003; Török & Kliem 2003; Török et al. 2004; Török
& Kliem 2005), which depends on the details of the MFR,
such as the geometry of the axis, the aspect ratio of the MFR
(i.e., ratio of length of the rope to the size of its cross sec-
tion), and the line-tying effects by the photosphere. On the
other hand, TI is controlled by the decay index (Török &
Kliem 2005, 2007; Kliem & Török 2006), which is the spa-
tial deceasing speed of the MFR’s overlying magnetic field
that strapping the MFR. Assuming a outward quasi-static ex-
pansion of the MFR due to its hoop force, which is resulted
by the self-inductive effect of the current in the MFR, both
the hoop force and the strapping force will decrease with the
expansion. If the strapping force decreases faster than the
hoop force, the system will be unstable because the net force
points to the direction of expansion. The TI threshold of de-
cay index is found to have typical values in the domain of
1.1 ∼ 1.7, again derived from a series of theoretical and nu-
merical investigations (Kliem & Török 2006; Török & Kliem
2007; Fan & Gibson 2007; Aulanier et al. 2010; Démoulin
& Aulanier 2010; Fan 2010; Olmedo & Zhang 2010; Zuc-
carello et al. 2015). An attractive advantage of these ideal
MHD models is that the controlling parameters, e.g., the
twist degree of the MFR and the decay index of the strapping
field, can be used potentially in forecasting the eruptiveness
of flares.
The theory of KI and TI has been recently, and is becoming
even more widely, applied to study real solar eruptions. Case
studies of solar eruptions using NLFFF reconstructions often
shows MFRs exist prior to flare and its ensuing eruption is
very likely due to KI (e.g., Liu et al. 2016) or TI (e.g., Cheng
et al. 2013; Jiang et al. 2013; Jiang et al. 2018), as the recon-
structed MFRs appears to be close to the thresholds. How-
ever, due to the intrinsic complexity of the magnetic field in
the solar corona, the configuration of MFRs can be very dif-
ferent from case to case, and cannot be fully characterized by
the KI and TI theory, which are both based on relatively sim-
plified or idealized configuration. Furthermore, a recent labo-
ratory experiment of MFRs emulating the dynamic behaviors
of solar line-tied MFRs suggests that the theory might miss
including the magnetic tension force caused by the toroidal
magnetic flux of the rope (Myers et al. 2015). If such mag-
netic tension is strong enough, i.e., the toroidal flux is large
enough (and thus corresponding to a sufficiently small mag-
netic twist), it can restrict the flux rope from eruption even
it fulfills the TI condition, for which the authors call it as a
‘failed torus’ event. Thus the application of the theoretical
parameters of KI and TI is still not straightforward.
A very recent statistic study of the controlling parame-
ters of KI and TI for solar flares was performed by Jing
et al. (2018). They surveyed 38 major flares, including 26
ejective and 12 confined ones, by NLFFF reconstructions
of the pre-flare coronal magnetic field using a code devel-
oped by Wiegelmann (2004). Then for each events, the re-
constructed 3D magnetic field is analyzed by computing the
magnetic twist and decay index. It was found that the KI pa-
rameter, i.e., the twist number appears to play no role in dis-
criminating between the confined and eruptive events. And
for the TI parameter, the threshold of decay index is found
to be ∼ 0.75, which is much lower than the typical values
that are derived in theoretical and numerical studies. How-
ever, as also pointed out by the authors, such results might
strongly depends on the quality or reliability of the coro-
nal magnetic field reconstructions. Currently there are many
methods available for NLFFF extrapolations from the vector
magnetograms, but different methods seem to produce rather
inconsistence results between each other (e.g., DeRosa et al.
2009; Régnier 2013; Aschwanden et al. 2014; Duan et al.
2017; Wiegelmann et al. 2017). Thus any results based on
any single NLFFF code must be taken with cautions, and in-
dependent studies with different codes are required for a bet-
ter inspection. Thus, one of the purposes of this paper is to
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see how the results behave if using an independent NLFFF
code to perform a similar statistical investigation. The other
purpose is, for the first time, to statistically investigate the
complexity of the pre-flare coronal MFRs.
In this paper, we employed the coronal magnetic field
reconstruction method developed by Jiang & Feng (2013),
named the CESE–MHD–NLFFF code, to study a slightly
larger sample of 45 major flares with 29 eruptive and 16 con-
fined. We attempt to reveal the complexity of MFRs in solar
corona by showing the magnetic configuration of each MFR.
With a much stricter definition of MFR and a more relevant
way of calculating the decay index, our study shows that the
KI and TI parameters play an equal important role in discrim-
inating between the eruptive and confined events, and the TI
thresholds for the eruptive events is much closer to the the-
ory. The rest of the paper is organized as follows: Data and
method are presented in Section 2, then results are given in
Section 3, and finally discussions and conclusions are made
in Section 4.
2. METHOD
2.1. Event Selection
Since we are interested in the major flares for which coro-
nal magnetic field extrapolation can be perform with reliable
observed magnetograms, we use the similar criterion for se-
lecting events samples as employed in Toriumi et al. (2017)
and Jing et al. (2018). That is all the flares above GOES-class
M5 (in general) that occurred within 45 degree of the solar
disk center from 2011 January to 2017 December, and most
of them occurred in active regions (ARs). For the confined
flares, the flare class criterion is relaxed to include also M3.9.
Furthermore, since some ARs (e.g., AR12673) produced sev-
eral (more than three) flares fulfilling the above criterion, we
select only two flares to avoid the over-representation for a
certain AR: the first one is the largest flare, and the second
one is the flare occurring nearest to the disk center. But if
these two flares are both eruptive and meanwhile the AR also
produced one or more confined flares, we replace the second
one with the confined flare (the largest one if there are more
than one confined flares). There are 45 events in total, includ-
ing 29 eruptive flares and 16 confined flares from 30 different
ARs, as listed in Table 1. Note that two events (number 24
and 30) are inter-AR flares.
2.2. Coronal Magnetic Field Reconstructions
For each event, we carried out 3D magnetic field recon-
struction for the pre-flare corona from the SDO/HMI vector
magnetograms using the CESE–MHD–NLFFF code (Jiang
& Feng 2013). The last available magnetogram for at least
10 minutes before the flare GOES start time is used to avoid
the possible artifacts introduced by the strong flare emis-
sion. In particular, we used the data product of the Space-
weather HMI Active Region Patch (SHARP, Bobra et al.
2014), in which the 180◦ ambiguity has been resolved by
using the minimum energy method, the coordinate system
has been modified via the Lambert method, and the projec-
tion effect has been corrected. The CESE–MHD–NLFFF
model is based on an MHD-relaxation method which seeks
approximately force-free equilibrium. It solves a set of
modified zero-β MHD equations with a friction force using
an advanced conservation-element/solution-element (CESE)
space-time scheme on a non-uniform grid with parallel com-
puting (Jiang et al. 2010). The code also utilizes adaptive
mesh refinement and a multi-grid algorithm to optimize the
relaxation process. This model has been tested by different
benchmarks including a series of analytic force-free solutions
(Low & Lou 1990) and numerical MFR models (Titov & Dé-
moulin 1999). The results of extrapolation reproduced from
SDO/HMI are in good agreement with corresponding ob-
servable features like filaments, coronal loops, and sigmoids
(Jiang & Feng 2013; Jiang et al. 2014).
2.3. Magnetic Twist Number and Identification of MFRs
It is nontrivial to identify MFRs in a reconstructed coro-
nal magnetic field because their configuration are generally
complex compared with theoretical models. Here the search
of MFR is based on the distribution of a parameter called
magnetic twist number (Berger & Prior 2006), which can be
conveniently computed without resorting to the geometry of
an MFR (Liu et al. 2016). The magnetic twist number Tw for
a given (closed) field line is defined as
Tw =
∫
L
(∇×B) ·B
4piB2
dl (1)
where the integral is taken along the length L of the magnetic
field line from one footpoint on the photosphere to the other.
As shown by Liu et al. (2016), Tw provides an good approx-
imation of the number of turns that two infinitesimally close
field lines wind about each other. Thus Tw is not identical
to the classic winding number of field lines about a common
axis, the parameter often used in the analysis of the helical
KI. Nevertheless, according to Liu et al. (2016)’s analysis,
the magnetic field line that possesses the extremum value
(maximum or minimum) of |Tw| in an MFR can be reliably
regarded as the rope axis, and Tw computed in the vicinity of
the axis approaches the winding number. For each 3D recon-
structed magnetic field data, we compute the twist number on
grid points with a resolution 4 times of the original data, from
which a 3D smooth distribution of Tw is obtained. Basing on
this distribution of Tw, the MFR in the field can be precisely
identified.
There is no accurate definition of solar coronal MFR in the
literature. Generally, an MFR refers to a group of magnetic
field lines spiraling around the same axis with certain twist,
but there seems to be no consensus on what extent of the
twist degree can be regarded as a rope. Here we follow the
definition of Liu et al. (2016), that is, the MFR is defined
as a coherent group of magnetic field lines with |Tw| ≥ 1
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Table 1. List of events and properties of their MFRs.
No. Flare peak time Flare class NOAA AR Position E/Ca Tw n
1 SOL2011-02-13T17:38 M6.6 11158 S20E04 E 0.76 0.99
2 SOL2011-02-15T01:56 X2.2 11158 S20W10 E 1.52 0.98
3 SOL2011-03-09T23:23 X1.5 11166 N08W09 C -1.75 0.50
4 SOL2011-07-30T02:09 M9.3 11261 S20W10 C -0.88 0.51
5 SOL2011-08-03T13:48 M6.0 11261 N16W30 E 2.45 1.40
6 SOL2011-09-06T01:50 M5.3 11283 N14W07 E 0.92 0.52
7 SOL2011-09-06T22:20 X2.1 11283 N14W18 E 1.02 1.65
8 SOL2011-10-02T00:50 M3.9 11305 N12W26 C -0.92 0.42
9 SOL2012-01-23T03:59 M8.7 11402 N28W21 E -1.63 0.73
10 SOL2012-03-07T00:24 X5.4 11429 N17E31 E -2.11 0.71
11 SOL2012-03-09T03:53 M6.3 11429 N15W03 E -1.17 0.73
12 SOL2012-05-10T04:18 M5.7 11476 N12E22 C -1.11 1.21
13 SOL2012-07-02T10:52 M5.6 11515 S17E08 E -1.56 0.35
14 SOL2012-07-05T11:44 M6.1 11515 S18W32 C 1.14 -0.41
15 SOL2012-07-12T16:49 X1.4 11520 S15W01 E 2.20 0.42
16 SOL2013-04-11T07:16 M6.5 11719 N09E12 E -1.10 0.26
17 SOL2013-10-24T00:30 M9.3 11877 S09E10 E 2.00 0.56
18 SOL2013-11-01T19:53 M6.3 11884 S12E01 C 1.50 0.42
19 SOL2013-11-03T05:22 M4.9 11884 S12W17 C 3.00 0.07
20 SOL2013-11-05T22:12 X3.3 11890 S12E44 E 1.35 2.72
21 SOL2013-11-08T04:26 X1.1 11890 S12E13 E 1.26 1.87
22 SOL2013-12-31T21:58 M6.4 11936 S15W36 E -2.20 1.11
23 SOL2014-01-07T10:13 M7.2 11944 S13E13 C 1.65 0.21
24∗ SOL2014-01-07T18:32 X1.2 11944 S15W11 E 6.50 0.20
25 SOL2014-02-02T09:31 M4.4 11967 S10E13 C -1.73 -0.12
26 SOL2014-02-04T04:00 M5.2 11967 S14W06 C -1.90 1.03
27 SOL2014-03-29T17:48 X1.1 12017 N10W32 E 1.53 1.72
28 SOL2014-04-18T13:03 M7.3 12036 S20W34 E 2.30 1.82
29 SOL2014-09-10T17:45 X1.6 12158 N11E05 E -0.85 0.17
30∗ SOL2014-09-28T02:58 M5.1 12173 S13W23 E -2.76 1.96
31 SOL2014-10-22T14:28 X1.6 12192 S14E13 C -1.10 0.94
32 SOL2014-10-24T21:41 X3.1 12192 S22W21 C -1.79 0.64
33 SOL2014-11-07T17:26 X1.6 12205 N17E40 E 3.55 1.21
34 SOL2014-12-04T18:25 M6.1 12222 S20W31 C 2.60 0.60
35 SOL2014-12-17T04:51 M8.7 12242 S18E08 E 0.70 0.66
36 SOL2014-12-18T21:58 M6.9 12241 S11E15 E 1.09 1.49
37 SOL2014-12-20T00:28 X1.8 12242 S19W29 E 1.32 0.56
38 SOL2015-03-11T16:21 X2.1 12297 S17E22 E 2.04 1.80
39 SOL2015-03-12T14:08 M4.2 12297 S15E06 C 1.10 0.72
40 SOL2015-06-22T18:23 M6.5 12371 N13W06 E -1.24 1.51
41 SOL2015-06-25T08:16 M7.9 12371 N12W40 E -2.90 0.49
42 SOL2015-08-24T07:33 M5.6 12403 S14E00 C 1.04 0.33
43 SOL2015-09-28T14:58 M7.6 12422 S20W28 C -1.25 1.20
44 SOL2017-09-04T20:33 M5.5 12673 S10W11 E -1.43 1.09
45 SOL2017-09-06T12:02 X9.3 12673 S09W34 E -1.80 1.72
aE–eruptive, C–confined.
∗Event 24 occurred between NOAA ARs 11944 and 11943, and event 30 occurred between ARs 12173 and 12172.
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(i.e., field lines spiral above a full turn) and with the same
sign of twist. The coherence means that the volume of the
magnetic flux with |Tw| ≥ 1 forms a single tube without seg-
mentation. In some events, there are more than one MFR
as the magnetic flux with |Tw| ≥ 1 forms multiple, separate
tubes, and even more complex, different MFRs can have in-
verse signs of twist from each other (which will be shown
in Section 3), indicating the intrinsic complexity of the coro-
nal magnetic field. There are places where the |Tw| is strong,
but forms a sheet like structure with width close to the grid
size. These structures are actually complex magnetic sepa-
ratrix layers or quasi-separatrix layers and cannot be defined
as MFR, although their twist numbers appear large. The rea-
son which makes the |Tw| high is the relatively high value of
J/B in these regions. We exclude these regions in search-
ing flux rope. Furthermore, the search of MFR is aid by
SDO/AIA observations such that the MFR is restricted within
the flare site, and especially the morphology of the MFR is
compared with pre-eruptive filaments if they are observable.
As an example, in Figure 1, we show the MFR in the 45th
event, which is the pre-flare magnetic field of the largest X-
class flare in AR 12673, also the largest one of solar cycle
24 (Sun & Norton 2017; Inoue et al. 2018; Liu et al. 2018;
Mitra et al. 2018; Seaton & Darnel 2018; Wang et al. 2018;
Getling 2019; Petrie 2019). Clearly the MFR is identified by
a volumetric channel with |Tw| ≥ 1 and strong current density.
The MFR body appears roughly to be a C shape following the
main PIL of the AR.
2.4. KI Parameter
By a comprehensive study of the magnetic twist distribu-
tion and evolution in an AR that produced a series of flares,
Liu et al. (2016) suggests that the magnetic field line with
maximum twist number in their studied MFR is a reliable
proxy of the rope axis. Further, they found that, compar-
ing to other parameters like magnetic energy and helicity, the
maximum twist number changes most prominently across the
flares, as it increases systematically before each flare and de-
crease stepwise after it. This suggests that the MFR’s maxi-
mum twist number, |Tw|max , is very sensitive in association
with KI occurring in flares. We thus employed the |Tw|max in
our analysis as the KI controlling parameter.
After locating the MFRs, we can then locate their axis,
which is defined as a single field line that possesses the max-
imum value of the twist number, |Tw|max , in the MFR. As
shown in Figure 1, the axis of the rope is the field lines with
largest twist of |Tw| = 1.8. It is fully wrapped by the iso-
surface of |Tw| = 1, running horizontally in the central part
and reaching a height of roughly 20 arcsec. The location
of the axis is double checked by using vertical slices cutting
through the rope axis in a perpendicular direction and to see
if the poloidal flux of the rope forms rings centered at the
axis in such cross section, as shown in Figure 1(f). This is
fulfilled for most of the events, suggesting that the field line
with maximum Tw is a reliable proxy of the rope axis, which
is consistent with the findings of Liu et al. (2016).1 For those
events that possess multiple MFRs, axis for each one can be
identified independently. There are complex cases in which
the field line with |Tw|max in the MFR can runs partly on the
surface of the rope, because of the unevenly distribution of
the twist number.
2.5. TI Parameter
In many literatures, the decay index is simply defined as
n = −
d log(B)
d log(h)
(2)
where B denotes the strapping field stabilizing the MFR and
h is the vertical height locally or radial distance globally, as-
suming that the MFR erupts vertically or radially and the
strapping force point in the opposite direction. However,
since the triggering and initiation of MFR eruption is strongly
influenced by its complex magnetic environment in the lower
corona, which is often non-symmetric with respect to the PIL
such that the eruption direction is not along the vertical (or
radial) direction. Such non-radial eruptions are frequently
observed in filament eruptions (McCauley et al. 2015). In
such case, computing the decay index along an oblique line
matching the eruption direction ought to be more accurate.
As illustrated in Figure 2, the MFR is significantly inclined
to the right side away from the vertical direction, owing to
the stronger magnetic flux distribution (and thus the magnetic
pressure) in the left side. To define the decay index in such
configuration, we first use a vertical slice cutting through the
middle of the rope, generally, at the apex of the axis (i.e.,
highest point on the axis, marked as P in the Figure), in per-
pendicular direction to the rope axis. The intersection point
of the bottom PIL with the slice is marked as O as shown
in the Figure. Then, we calculate decay index in the OP di-
rection with O as the starting point. As usual, the potential
field model extrapolated from the Bz component of the pho-
tospheric magnetogram can be considered as a good approxi-
mation of the external (strapping) magnetic field with respect
to the MFR. To be more relevant, we further decompose the
potential field into three orthogonal components Be, Bp, and
Bt , where Be is along OP, Bp is perpendicular to the OP on
the slice, and Bt is perpendicular to the slice. In defining n
we only use the poloidal flux Bp, that is
n = −
d log(Bp)
d log(r)
(3)
(where r is the distance pointing from O to P). This is because
the cross product of the current of the rope (which is along
the axis) with only the poloidal flux of the overlying field can
1 It should be noted that there are cases in which the MFR axis is located
at a local minimum of |Tw|, especially in decayed active regions and the
quiet Sun (e.g., Su et al. 2011).
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2017-09-06T11:36:06.59Z
AR12673 Eruptive           31 arcsec 0 2 4 6 8 10Jtot:
Tw = -1.80
(a) (b) (c)
(d) (e) (f)
Figure 1. An example showing the identification of MFR. The figure shows the 45th event, i.e., the pre-flare magnetic field of the X9.3 flare in
AR 12673. (a) SDO/AIA 304 Å image of the pre-flare corona. (b) A vertical integration of the current density derived from the reconstructed
magnetic field, showing the strong-current region. (c) The cyan, transparent object is the iso-surface of the |Tw| = 1 and the red, thick line
represent the magnetic field line possessing the maximum value of |Tw|, which is regarded as the axis of the MFR. (d) The same structure of (c)
but in a different angle of view in 3D. (e) Side view of the rope axis with colors denote the magnetic field strength on the line. The unit of the
z axis is 1 arcsec (or 720km). (f) A central vertical cross section of the MFR whose location is dented by the yellow line in panel (c), with the
transverse field on the slice shown by the arrows, which forms spirals centered at the axis of the rope denoted by the thick line.
produce the strapping force (directing P to O) that stabilizing
the MFR. The other components, for example, Bt is parallel
to the current and has no effect, and the cross product of cur-
rent with Be produce a force parallel to the Bp which only
controls the eruption direction and furthermore Be is often
small.
3. RESULTS
3.1. Complex Configurations
With our strict definition, only 6 of the 45 events (13%)
have no MFR as the maximum twist number |Tw|max is less
than 1 (although they are very close to 1). For the remaining
39 events, we plot the MFR configurations in the figures from
Figure 3 to Figure 9. For each event, three different angles
of view are shown and a SDO/AIA-304 Å image taken at the
same time used for reconstructions is present for comparison.
Overall, the twist flux forms coherently ropes and the central
section of the ropes run roughly along the main PIL of the
AR, but the shapes are very different from case to case and
it is not easy to make classification for them. Furthermore,
from the morphology, very few of them show an idealized,
symmetric half-circle MFR that is often used for theoretical
study, which indicates that the complexity of coronal MFRs
is far beyond the characterization by current theoretical (or
idealized) models. The aspect ratios of the MFRs are also
different, some are rather short and thick, while some are
long and thin. Many MFRs have a serpent shape that its body
touch the bottom surface one or several times (for instance,
see events 10, 15, 18, etc.), suggesting there are bald patches
along the PIL below the MFRs. Most of the MFRs show
good coherence except a few of them are disturbed by seg-
mented sheet-like structures of |Tw| > 1 locating very close
to them. Nevertheless, the comparison of the MFR structures
and the corresponding AIA images shows good agreement
between the filaments and the MFRs. Almost for each MFR,
a filament can be identified in the AIA 304 Å channel, and
the spine of the filament looks co-spatial to the axis of the
MFRs. Only in the events 16, 20, 25, and 43, there appears
to be no filament co-spatial to the MFRs. Note that in event
24, the filament is not clearly seen in AIA 304 Å but a co-
spatial filament channel can be seen if check the AIA 171 Å
images (not shown here).
Although the majority of the events has a single MFR,
there are cases in which we identified two MFRs in a single
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Figure 2. Illustration of calculating the decay index n at the apex of the MFR axis. The thick red curve is the MFR axis, and P denotes the highest
point along the axis. A vertical slice cutting perpendicularly through the axis at P. The intersection of the vertical slice with the main PIL is
marked as O. The background magnetic field B, which is computed based on the potential field model, are decomposed into three components
as Be, Bp, and Bt .
event (events 3, 5, 9, 30, 31, 32) or even three MFRs (events
36 and 40)2. So in total the events with multiple-MFR con-
figuration accounts for 20% of all the events (8 in 39). Ac-
tually the multiple-MFR configuration is even more common
in the ARs if we release the restriction on only those relevant
to the flare site. For some events, for instance, number 36
and 40, there might be no difference in magnetic topology
between different flux ropes in the multiple-MFRs config-
uration, and only the uneven distribution of magnetic twist
causes the complexity of the MFR system. It is worth noting
that the two MFRs in events 31 and 32, which are both con-
fined X-class flares from the largest region AR 12192 (Sun
et al. 2015; Jiang et al. 2016), have inverse signs of mag-
netic twist. This might provide an interesting explanation
why these flares are confined, as the inverse helicity contents
of the MFRs might cancel with each other during the flare
such that there is no need for the pre-flare reserved helicity
to release out of the AR through eruption, and further inves-
tigations on these events will be performed in future study.
In Figure 10, we show the distribution of the |Tw|max for all
the events. We find the average |Tw|max of 1.73 and the me-
dian value of 1.52, and 13 events (29%) have |Tw|max larger
than 2. Previous NLFFF reconstructions for pre-eruptive or
quiescent filaments often yields weakly twisted MFRs with
2 Note that for such multiple MFR cases, only the MFR with the largest
height is listed in Table 1 and used in the statistic analysis.
twist number mostly below 1.5 (Liu et al. 2016; Wang et al.
2016). Comparing with previous results, we find that our ex-
trapolations can reconstruct relatively high twisted flux rope.
In all cases, the largest number reaching 6.5 in the event 24,
which is an X1.2 flare occurring between ARs 11944 and
11943, and by checking the AIA images, we found that the
flux rope for this event actually corresponds to an intermedi-
ate filament channel between the two ARs, and its flare erup-
tion is most likely caused by KI due to the strong magnetic
twist.
3.2. TI versus KI parameter diagram
In Figure 11(a), we show the scatter diagram of decay in-
dex n (TI parameter) versus the |Tw|max (KI parameter) for
all the 45 events. For the 6 non-MFR cases, we also cal-
culated their |Tw|max and the decay index n of the field line
with |Tw|max (shown in green color). From the distribution of
eruptive and confined flares in the parameter space, it can be
empirically identified a critical value for n and |Tw|, which
are ncrit = 1.3 and |Tw|crit = 2, respectively, as marked on the
figure. According to these critical values, the distribution
of the events falls into four quadrants which are defined as:
Q1 (n >= 1.3 and |Tw| >= 2), Q2 (n >= 1.3 and |Tw| < 2),
Q3 (n < 1.3 and |Tw| < 2), and Q4 (n < 1.3 and |Tw| >= 2).
The histograms for events falling into different quadrants are
shown in Figure 11(b) and (c). As can be seen in the Figure,
all the events with decay index above ncrit (i.e., in Q1+Q2)
erupted. Thus n > ncrit can be regarded as a sufficient condi-
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2011-02-15T01:24:09.59Z
#02 AR11158           25 arcsec
Tw = 1.52
2011-03-09T23:00:09.57Z
#03 AR11166           30 arcsec
Tw1 = -1.02
Tw2 = -1.75
2011-08-03T13:00:09.57Z
#05 AR11261           40 arcsec
Tw1 = 2.45
Tw2 = 2.60
2011-09-06T22:00:09.57Z
#07 AR11283           17 arcsec
Tw = 1.02
2012-01-23T03:24:09.59Z
#09 AR11402           34 arcsec
Tw1 = -1.83
Tw2 = -1.63
2012-03-06T23:48:09.57Z
#10 AR11429           27 arcsec
Tw = -2.11
Figure 3. Configuration of the MFRs. From the left to right are SDO/AIA 304 Å image taken at the pre-flare time, the reconstructed MFR
structure in three different views. In the AIA images, contour lines of photosphere Bz = ±1000 Gauss are overlaid. In the middle panels, the
3D transparent structures colored in cyan are iso-surface of |Tw| = 1, while the thick red lines denote the axis of the MFRs. The background is
shown with photosphere magnetogram (saturated at ±1000 Gauss). In the right panels, only the MFR’s axis is shown with color denotes the
magnetic field strength along the rope axis. For each rope axis, the twist number Tw is shown. The unit of the z axis is 1 arcsec (or 720km).
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2012-03-09T03:00:09.58Z
#11 AR11429           31 arcsec
Tw = -1.17
2012-05-10T04:00:09.57Z
#12 AR11476            9 arcsec
Tw = -1.11
2012-07-02T10:24:08.57Z
#13 AR11515           14 arcsec
Tw = -1.56
2012-07-05T11:24:08.57Z
#14 AR11515           10 arcsec
Tw = 1.14
2012-07-12T15:48:08.58Z
#15 AR11520           32 arcsec
Tw = 2.20
2013-04-11T06:36:08.57Z
#16 AR11719           10 arcsec
Tw = -1.10
Figure 4. Same as Figure 3, but for another 6 events.
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2013-10-24T00:00:10.48Z
#17 AR11877           20 arcsec
Tw = 2.00
2013-11-01T19:24:08.58Z
#18 AR11884           23 arcsec
Tw = 1.50
2013-11-03T05:00:08.57Z
#19 AR11884           24 arcsec
Tw = 3.00
2013-11-05T21:48:08.57Z
#20 AR11884           13 arcsec
Tw = 1.35
2013-11-08T04:00:08.57Z
#21 AR11890           20 arcsec
Tw = 1.26
2013-12-31T21:24:08.58Z
#22 AR11936           44 arcsec
Tw = -2.20
Figure 5. Same as Figure 3, but for another 6 events.
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2014-01-07T09:48:08.58Z
#23 AR11944           13 arcsec
Tw = 1.65
2014-01-07T17:48:08.57Z
#24 AR11944           51 arcsec
Tw = 6.50
2014-02-02T09:00:08.57Z
#25 AR11967           10 arcsec
Tw = -1.73
2014-02-04T03:36:08.58Z
#26 AR11967           31 arcsec
Tw = -1.90
2014-03-29T17:24:08.57Z
#27 AR12017           21 arcsec
Tw = 1.53
2014-04-18T12:12:08.57Z
#28 AR12036           38 arcsec
Tw = 2.30
Figure 6. Same as Figure 3, but for another 6 events.
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2014-09-28T02:24:08.57Z
#30 AR12173           45 arcsec
Tw1 = -1.80
Tw2 = -2.76
2014-10-22T13:48:08.57Z
#31 AR12192           43 arcsec
Tw1 = 1.59
Tw2 = -1.10
2014-10-24T20:24:08.59Z
#32 AR12192           54 arcsec
Tw1 = 1.77
Tw2 = -1.79
2014-11-07T16:36:08.57Z
#33 AR12205           45 arcsec
Tw = 3.55
2014-12-04T17:48:08.57Z
#34 AR12222           35 arcsec
Tw = 2.60
2014-12-18T21:24:08.57Z
#36 AR12241           24 arcsec
Tw1 = 1.06
Tw2 = 1.09
Tw3 = 1.33
Figure 7. Same as Figure 3, but for another 6 events. Note that in events 31 and 32, the iso-surfaces of Tw = 1 are colored in cyan and Tw = −1
colored in yellow.
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2014-12-20T00:00:08.57Z
#37 AR12242           23 arcsec
Tw = 1.32
2015-03-11T16:00:08.58Z
#38 AR12297           28 arcsec
Tw = 2.04
2015-03-12T13:24:08.59Z
#39 AR12297           18 arcsec
Tw = 1.10
2015-06-22T17:00:08.57Z
#40 AR12371           50 arcsec
Tw1 = -1.24
Tw2 = -1.86
Tw3 = -2.16
2015-06-25T07:48:08.57Z
#41 AR12371           39 arcsec
Tw = -2.90
2015-08-24T07:12:07.59Z
#42 AR12403            9 arcsec
Tw = 1.04
Figure 8. Same as Figure 3, but for another 6 events.
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2015-09-28T14:36:07.57Z
#43 AR12422           22 arcsec
Tw = -1.25
2017-09-04T20:00:06.60Z
#44 AR12673           35 arcsec
Tw = -1.43
2017-09-06T11:36:06.59Z
#45 AR12673           31 arcsec
Tw = -1.80
Figure 9. Same as Figure 3, but for the last 3 events.
tion for eruptive flare. For all the events with |Tw|max above
|Tw|crit (i.e., in Q1+Q4), 85% erupted (11 in 13). This sug-
gests that ncrit = 1.3 and |Tw|crit = 2 can be reliably used as
the lower limits of the threshold values for KI and TI in our
statistic samples. So it is reasonable to assume that the events
fall in Q1 fulfill both TI and KI, in Q2 fulfill only TI, in Q4
fulfill only KI, and in Q3 none of MHD instabilities is ful-
filled. Over 87% confined events (14 in 16) reside in Q3, for
which both KI and TI are not fulfilled. If doing a prediction
for the type of eruptive or confined in all the 45 events us-
ing the critical values of n and |Tw| derived from the pre-flare
field reconstructions, over 70% are successful predicted and
the remaining 13 events include 11 eruptive ones in Q3 and
2 confined ones in Q4.
The TI threshold ncrit = 1.3 is close to that derived from
many theoretical models or simulations, which is n = 1.3 ∼
1.5. Furthermore, most of the events above ncrit have decay
index clustered within the domain of [1.5,1.7]. The average
value of n for all the events above ncrit is n = 1.79 and the
standard deviation is σ = 0.35. On the other hand, since the
trigger of KI depends on many parameters of MFR such as
aspect ratio, the geometry of the axis, line tying, and other de-
tails of the configuration, there seems to be no single value or
values in a narrow region for the KI threshold. In our statistic
results, the |Tw|max for all eruptive events above |Tw|crit spread
out much more than the distribution of n above ncrit (the av-
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Figure 10. Histogram of the |Tw|max for all the MFRs. The mean and
median values are denoted on the figure.
erage of |Tw|max is |Tw|max = 2.82 and the standard deviation
is σ = 1.31). This agrees with the complexity in the configu-
rations of the MFRs, and trigger of KI needs rather different
threshold values depending on the details of the complex con-
figurations. With photospheric line tying included, the min-
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Figure 11. Scatter diagram of decay index n (TI parameter) vs. |Tw|max (KI parameter) and histograms of the number of different-type events.
(a) The boxes denote eruptive flares and the triangles denote confined flares, while those in green color denotes the non-MFR events, i.e.,
|Tw|max is less than 1. The vertical dashed line marks the |Tw| = 2, and the horizontal dashed line marks the n = 1.3. Based on these two lines,
the distribution of all the events can be divided into four quadrants, Q1, Q2, Q3, and Q4. (b) Histogram for numbers of events in Q3 and
Q1+Q2+Q4. (c) Histogram for numbers of events in Q1+Q2, Q1+Q4, Q2+Q4, and Q1.
imum threshold from theory is a winding of the field lines
about the rope axis by 1.25 turns (Hood & Priest 1981). Our
statistic results suggests that the KI threshold is much larger
than this minimum value, but the lower limit |Tw|crit = 2 is
comparable with estimations of winding number from nu-
merical models of solar flux ropes (e.g., 1.75 in Török et al.
2004) and (1.875 in Fan & Gibson 2003).
If we assume that all the eruptive events with n ≥ ncrit are
triggered by TI (i.e., events in Q1+Q2), and meanwhile all
the eruptive events with |Tw| ≥ |Tw|crit are caused by KI (i.e.,
events in Q1+Q4 except the two confined ones), their num-
bers are equal (see Figure 11c). This indicates that KI plays
an equally important role as TI in triggering eruptions. On
the other hand, the total number of the eruptive events in
Q2+Q4, that is triggered by either TI or KI, is 14. This is
much larger than that in Q1 (events fulfill both TI and KI)
which have only 4 events, suggesting that TI and KI do not
necessarily to be fulfilled simultaneously to trigger an erup-
tion.
In summary, our analysis suggests that either of the two
parameters, n and |Tw|max, provides a strong constraint on
the eruptiveness of major flares, i.e., if n ≥ ncrit or |Tw|max ≥
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|Tw|crit, the event has a very high possibility (90% in our
studied samples) of successful eruption. For the remaining
events with both n < ncrit and |Tw|max < |Tw|crit, they can ei-
ther be eruptive or confined. Furthermore, their distribution
in this domain (Q3) appears rather random between the erup-
tive and confined ones, suggesting the Tw and n, or, KI and
TI, cannot differentiate the types, which hints that magnetic
reconnection rather than ideal MHD instability of MFR is
the flare trigger. Their total number is 25, i.e., 56% of the
all events. Interestingly, there are two cases in which n is
negative, because the MFR is too low that the overlying flux
initially increases rather than decreases. Finally, as noted in
Section 3.1 there are 4 events having no filament co-spatial
with the reconstructed MFRs, which are event 16 (eruptive
in Q3), 20 (eruptive in Q2 with the largest n), 25 (confined
in Q3), and 43 (confined in Q3). If excluding those events,
our findings remain valid with only some of the percentages
changing slightly.
4. DISCUSSIONS AND CONCLUSIONS
In this paper, we carried out a survey of the MFRs exist-
ing immediately before major solar flares (generally above
GOES M5 class) using a coronal magnetic field reconstruc-
tion method with SDO/HMI vector magnetograms. By ana-
lyzing the configurations and two key parameters, which are
decay index and the maximum twist number in the MFR, for
ideal MHD instabilities of MFR, we have the following key
findings.
1. In consistence with many previous case studies (e.g.,
Rust 2003; Gibson et al. 2006; Canou et al. 2009; Green &
Kliem 2009; Yeates & Mackay 2009; Canou & Amari 2010;
Savcheva et al. 2015; Su et al. 2015; Yurchyshyn et al. 2015;
Zou et al. 2019), MFRs generally exists prior to major so-
lar flares. With a rigorous definition, there are over 90%
of the studied events have well-defined MFRs in the flare
site, i.e., a coherent group of magnetic field lines with twist
above one turn and the field line possessing the peak value
of twist as being the rope axis. The rest 10% events also
have MFR-like structures as their magnetic twist numbers
are very close to one. The maximum twist numbers in the
MFRs have an average value of 1.73 for all the events, which
is systematically higher than that from other reconstruction
methods (e.g., Wang et al. 2016; Liu et al. 2016; Jing et al.
2018). Most of the MFRs have corresponding filaments or
filament channels as seen in SDO/AIA 304 Å observations.
2. It is the first time that all the pre-flare MFRs of such
large sample are presented with 3D configuration. The re-
constructed MFRs demonstrated much more complex con-
figurations in details than idealized models of MFR that are
often used in theoretical investigations or numerical simula-
tions (e.g., Titov & Démoulin 1999; Török & Kliem 2005;
Aulanier et al. 2010; Mei et al. 2018). Furthermore, multi-
ple MFRs are found in 20% of the events, and in a few cases
(in the AR 12192), the MFRs can even have inverse signs of
magnetic twist. This might provide a new way of explain-
ing the confinement of the flares from the point of view of
magnetic helicity and further investigation is required.
3. The parameter diagram formed by the twist number of
the MFR axis and its decay index suggests a lower limit for
TI and KI thresholds, which are ncrit = 1.3 and |Tw|crit = 2,
respectively. All the events above the ncrit, and nearly 90%
of the events above the |Tw|crit erupted. The eruptive events
above the TI threshold have an average decay index with
a small deviation of 1.79± 0.35, which is close to many
theoretical derived TI thresholds, although the reconstructed
MFRs are much more complex than the theoretical ones. On
the other hand, the values for KI threshold spread out in a
wider domain of 2.83± 1.31. From this result, an impor-
tant argument can be made: the KI are more sensitive to the
details of the MFR itself while the TI depends mainly on de-
caying speed of the strapping field overlying the MFR 3.
4. Our results show significant difference from a previous
similar study by Jing et al. (2018). In their findings, the lower
limit of TI threshold is ncrit =∼ 0.75, and the KI seems to play
no role in differentiating the eruptive and confined events. On
the contrary, our results show that the TI threshold (ncrit) is
much higher, and furthermore, KI is equally important as TI
in producing eruption. Such difference of our results from
Jing et al. (2018)’s can be attributed to many factors, and we
suspect that the leading one is that different coronal field re-
construction methods were used (the Wiegelmann’s code was
used in Jing et al. (2018)). The inconsistence between dif-
ferent reconstruction codes applied to the real data has been
extensively reported (e.g., DeRosa et al. 2009; Régnier 2013;
Aschwanden et al. 2014; Duan et al. 2017; Wiegelmann et al.
2017), even though they can provide rather consistent results
in some benchmark tests using idealized or artificial magne-
tograms. Furthermore, the computational method of decay
index at the MFR’s axis and the using of the maximum |Tw|
in the MFR as the KI parameter are also different from the
analysis method in Jing et al. (2018). Since the results in
this paper is more consistent with theoretical studies, we thus
suggest that it might be more relevant to follow the approach
taken here in future application of TI and KI to reconstructed
coronal field. On the one hand, our definition of MFR is
much stricter and the maximum of twist number of MFR is
more sensitive than the average twist that includes also the
contribution of the flux with |Tw|< 1, as such weakly twisted
flux is not relevant to the MFRs. On the other hand, comput-
ing the oblique decay index is more relevant to the eruption
at the early phase, i.e., its initiation due to the complex, non-
3 Of course, regarding the TI, there must be a MFR before the flare, oth-
erwise the TI is meaningless. However, this requirement seems to be often
ignored in application of the TI theory to observations. This also might ex-
plains why there is a so-called ‘failed torus’ regime as reported in Myers
et al. (2015) because in that regime the magnetic twist numbers are mostly
less than one, and thus by a strict definition, the MFR barely exists.
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symmetric magnetic environments.
5. Comparing to the eruptive events fulfilled either TI or
KI, the events fulfilled both are minor. This suggests that
TI and KI do not necessarily to be fulfilled at the same time
to trigger an eruption. This is reasonable as on the one hand,
the presence of a well-defined MFR (i.e., with magnetic twist
number above 1) will erupt once it runs into the TI regime,
and on the other hand a initially torus-stable MFR can be
lifted to TI threshold through the kinking deformation of the
MFR.
6. The events with both decay index and twist degree be-
low our derived lower limits of TI and KI accounts for 56%
(and among them 44% are eruptive). For these events, we
conjecture that the ideal MHD instabilities might not be able
to trigger the flare, and the non-ideal MHD mechanism, i.e.,
magnetic reconnection, should play an more important role,
in particular, in producing the successful eruption. Recently,
Zou et al. (2019, in press) have carried out a statistic survey
for all the AR filament eruptions from 2011 to 2017 which
produced fast CMEs (above 800 km s−1) and found that over
60% of AR filaments are more likely triggered by reconnec-
tion rather than the ideal MHD instability. Our percentage of
56% is close to their result, which further indicates that mag-
netic reconnection (e.g., tether cutting and breakout) plays an
important role (at least, equal to the ideal MHD instabilities)
in the triggering of major flares and eruptions. Thus for un-
derstanding the mechanism of these flares, a detailed analysis
of the magnetic topology that is favorable for reconnection is
required. In particular, more attention should be paid on the
eruptive events in the regime to see how the reconnection can
break through the strong confinement of the overlying field,
which will be left in future studies.
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